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l. Introduction

Human immunodeficiency virus type 1 protease (HIV-1 PR) plays an
indispensable role in the viral replication cycle. The PR catalyzes the hydroly-
sis of specific peptide bonds within the HIV-1 Gag and Gag-Pol polyproteins
for its own maturation and to produce the other mature structural and
tunctional proteins (Darke et al., 1988; Oroszlan and Luftig, 1990). The
active form of the 99-amino-acid-long mature PR is a homodimer. Optimal
catalytic activity of the mature PR and ordered processing of the polyproteins
are critical for the liberation of infective progeny virus (Oroszlan and Luftig,
1990; DeBouck, 1992; Kaplan et al., 1993; Rose et al., 1995). The initial
critical step in the maturation reaction is the formation of an active PR
dimer, formed from two Gag-Pol precursors, which is necessary for the
release of the mature PR from the precursor. Furthermore, the cleavage at
the N terminus of the PR is essential for the liberation of maturelike catalytic
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activity (Louis et al., 1994) and optimal ordered processing of Gag and viral
infectivity (Tessmer and Kra usslich, 1998). The level of expression of the
Gag-Pol precursor relative to the Gag and the spartial arrangement of the
PR domain within the Gag-Pol are also important (Krausslich, 1991). Over-
expression of the Gag-Pol precursor results in intracellular activation of
the PR and inhibition of virus assembly, suggesting that concentration-
dependent dimer formation plays a key role in regulating the autocatalytic
maturation of the PR in the viral life cycle (Karacostas et al., 1993).

The mature PR has proven to be a most effective target for antiviral
therapy of AIDS. However, the long-term potency of current PR inhibitors
as therapeutic agents is limited by the rapid development of drug-resistant
variants of the PR. Therefore it is critical to understand the molecular
mechanisms of the proteolytic processes of the wild-type and drug-resistant
mutants of PR in order to aid the development of new inhibitors and thera-
peutic strategies. Viral replication is limited by the relative activity of the
PR for the sequential processing of the polyproteins. Up to 400-fold differ-
ences in the rates of hydrolysis were shown for different cleavage sites in
Gag (Pettit et al., 1994). Thus, it is critical to examine the drug-resistant
mutant forms of the precursor and the mature enzyme for changes in the
structural properties, kinetics, and specificity for natural substrates as com-
pared to the wild-type enzyme.

In this article, we focus on three critical features of the HIV-1 PR,
namely autocatalytic maturation from the precursor, substrate specificity,

and emergence of drug resistance, utilizing protein and peptide design, en-
zyme kinetics, X-ray crystallography, and NMR spectroscopy.

Il. Organization of the Gag-Pol Precursor and Molecular
Structure of the Mature PR

The structural and functional proteins of retroviruses are produced
through translation of polycistronic messenger RNAs into precursor proteins
(Oroszlan and Luftig, 1990). In HIV-1, the Gag polyprotein consists of
the structural proteins in the arrangement MA-CA-p2-NC-pl-p6 (Fig. 1
[Genbank: HIVHXB2CG]; Henderson et al., 1992; Wondrak ef al., 1993).
The Gag-Pol polyprotein 1s translated via a mechanism in which a -1 frame-
<hift of an adenosine residue changes the open reading frame from Gag to
Pol at a frequency of 5 to 10% (Jacks et al., 1983; Hatfield et al., 1992).
This ribosomal frameshift site corresponds to the second codon within p1,
leading to the synthesis of the transframe region (TFR or p6¥), which links
the structural Gag domain to the functional Pol domain (Fig. 1). Thus, the
structure of Gag-Pol is MA-CA-p2-NC-TFR-PR-RT-IN (Fig. 1; Gorelick
and Henderson 1994). A protease cleavage site separates each of the sub-
domains of the precursors.
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FIGURE | Structural organization of the Gag and Gag-Pol polyproteins of HIV-1 (bold
lines). The nucleotide and protein sequence surrounding the translation frameshift site are
shown. Arrows indicate the specific sites of cleavage by the viral PR. The DNA and encoded
amino acids spanning the NC|p1 junction in the Gag polyprotein and NC | TFP and TFP| pe™
junctions in the Gag-Pol polyprotein are aligned. Bold letters in the DNA sequence denote the
conserved signal sequence required for ribosomal frameshi fting. TEP denotes the eight conserved
amino acids flanking NC. The remainder of the transframe region (TFR) constitutes p6™. The
N-terminal dipeptide sequence of TFP is common with Gag pl. The second amino acid of

TEP is either Leu or Phe ar a ratio of ~7:3, which is dependent upon variation in the
frameshifting mechanism and does not alter the remaining sequence of TFP, The underlined
amino acid sequence represents the tripeptide core of TEP that inhibits the PR. The coding
sequence for the tripepride Glu-Asp-Leu corresponds to a region in the viral RNA between
conserved regions of the signal sequence and the RNA secondary structure. Nomenclature of
viral proteins is that of Leis et al. (1988).

Retroviral proteases including HIV-1 PR are 99-125 residues in size
and contain the characteristic active site triad, Asp-Thr/Ser-Gly (amino acids
25-27 in HIV-1). They are enzymatically active as homodimers in acidic
conditions and are structurally similar to pepsinlike proteases which function
as monomers. In addition to the catalytic triad, retroviral proteases contain
a second highly conserved region (Gly86-Arg87-Asn88 in HIV-1) that is
not present in the cellular aspartic proteases (Pearl and Taylor, 1987; Cope-
land and Oroszlan, 1988). Even a conservative mutation of Arg87—Lys in
this region renders the enzyme inactive (Louis et al., 1989). Conserved
regions of the PR are important for both catalysis and dimer formation
(Weber, 1990; Gustchina and Weber, 1991). Crystal structures have been
determined of HIV PR in the presence and absence of inhibitors (reviewed
in Wlodawer and Erickson, 1993). The two chemically identical subunits
of the PR dimer are in a nearly symmetric arrangement. Each subunit folds
Into a compact structure of B-strands with a short a-helix near the C termi-
nus (Fig. 2). Residues 44-57 of each subunit form a pair of antiparallel
B-strands called the flap. The B-turn at the tip of the flap contains conserved
glycines. The flaps are flexible and are thought to fold down over the sub-
strate or inhibitor and act during caralysis both to bind substrate and exclude
water from the active site. Mutation of flap residues results in dramatic




114 Louis et al.

FIGURE 2 Crystal structure of HIV-1 PR. Shaded regions in one monomer indicare the
secondary structure of the dimeric enzyme. The three mutations Q7K, L331, and L631 in the
PR to prevent its intrinsic autoproteolysis (degradation) and the active site aspartic acid residues
of each monomer are shown in a stick representation. Positions of drug-resistant mutations

are indicated in black.

reductions in enzyme activity (Tozsér et al., 1997a). Intersubunit interactions
are found between the two catalytic triads (Asp 25-Gly 27); Ile 50 and Gly
51 at the tip of the flaps; the complex salt bridge between Asp 29, Arg 87,
and Arg 8’ from the other subunit; and the B-sheet formed by the four
termini in the dimer (residues 1-4 and 96-99). These terminal residues form
one half of the substrate sequence for cleavage at the p6™' | PR and PR | RT
junctions in the Gag-Pol precursor. The substrate binding site is formed by
residues 8, 23-30. 32, 45-50, 53, 56, 76, 80-82, and 84. In addition, a
number of other PR residues contribute to both the substrate binding and
the interface contacts. These important regions are highly conserved in
sequence among different isolates of HIV-1 (Gustchina and Weber, 1991)
and retroviral proteases share similar structures in these regions (Weber,
1990; Wlodawer and Erickson, 1993).

I1l. Mechanism and Regulation of PR Maturation

PR-mediated processing of Gag and Gag-Pol and particle maturation
are complex events (Vogt, 1996). The TFR, which flanks the N terminus
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of PR in Gag-Pol (see Fig. 1), is thought to have a role similar to that
observed at the N termini of zymogen forms of cellular aspartic proteases.
In accordance, early studies have demonstrated that a deletion of the TFR
domain leads to a significantly higher rate of processing activity of the Gag-
APol precursor, suggesting that TFR negatively regulates PR function (Partin
et al., 1991). TFR consists of two domains, the N-terminal transframe
octapeptide (TFP), which is conserved in all variants of HIV-1, and a 48-
to 60-amino-acid variable region p6™ (Gorelick and Henderson, 1994;
Candotti et al., 1994; Louis et al., 1998). TFP and p6™ are separated by a
PR cleavage site (Phylip et al., 1992; Louis ef al., 1999a). An isolated
68-amino-acid TFR has no overall stable secondary or tertiary structure,
although a small potential for helix formation at its N terminus was shown
by NMR (Beissinger et al., 1996).

A. Kinetics and Mechanism of Autoprocessing of a
Model Precursor

Since kinetic studies to understand the mechanism of the autocatalytic
maturation reaction of the full-length Gag-Pol polyprotein are difficult to
perform due to the presence of at least nine PR cleavage sites (Fig. 1), a
model PR precursor that contains only the two cleavage sites flanking the
PR domain was developed. This model polyprotein (MBP-Ap6/'-PR-ART;
Fig. 3) was constructed by adding 19 residues of the native reverse transcript-

Gag-Pol
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FIGURE 3 Model and native precursor constructs of the PR. The Gag-Pol polyprotein of
HIV-1 is shown on top (see legend to Fig. 1). The domains TFP, p6*, and RT flanking the
PR (gray) are shown as closed, hatched, and open boxes, respectively. The dashed gray line
denotes the 38-kDa maltose-binding protein (MBP). The catalytic activities of MBP-Ap6r-
PR-ART (referred to as MBP-ATF-PR-APol in Louis et al., 1994), TFP-p6M-PR*, p6™-PR,
and Ap6™-PR are significantly lower relative to that of the PR-ART and mature PR.
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ase sequence (ART) to the C terminus of the PR domain and 12 residues
of the native p6™ region (Ap6™) to its N terminus, which was additionally
fused to the maltose binding protein (MBP) of Escherichia coli (Louis et al.,
1991a). Aggregation of the precursor upon its expression in E. coli allowed
its isolation in an intact form. Upon refolding the protein from 8 M urea,
the model precursor undergoes time-dependent autoprocessing to release
the mature PR in two consecutive steps. Initial mutational studies of the
cleavage sites in the model polyprotein showed that the N-terminal cleavage
is more sensitive to mutations and that it precedes the cleavage at the C
terminus of the PR (Louis et al., 1991a,b). Investigation of the time-
dependent autocatalytic maturation of MBP-Ap6™'-PR-ART by kinerics led
to the mechanism summarized in Fig. 4 (Louis et al., 1994).

I. Processing of the N-Terminal Strands Is Intramolecular

In the mechanism illustrated in Fig. 4, the full-length precursor dimerizes
to form tetrapod 1. The dimeric protein binds inhibitors and substrates in
a similar manner to the marture enzyme, although its enzymatic activity 1s
significantly lower than that of the marture PR. For autoprocessing to occur,
tetrapod 1, which is not an obligatory intermediate, undergoes a conforma-
tional change to tetrapod 2, in which one of the two N-terminal strands
occupies its active site. Cleavage of the scissile peptide bond at the N terminus
is the rate-determining step for the appearance of enzymatic activity. The
bipod (PR-ART, see Figs. 3 and 4), which is converted relatively slowly to
the mature PR, has catalytic activity comparable to that of the mature
enzyme. Restricting the cleavage at the p6™' | PR site in the model precursor
leads to reduced cleavage at the C terminus of PR (Louis et al., 1991b). In

(Tetrapod-1) (Tetrapod-2) (Bipod)
folding '
— /% == /% —bﬁ,/;_’fg"’ ’
fi 2
MBP-Ap6Pol-PR-ART o & PR-ART . PR
Intramolecular Intermolecular
cleavage cleavage

FIGURE 4 Proposed mechanism for the autocatalytic maturation of the HIV-1 PR from
the model polyprotein MBP-Ap6*-PR-ART. The MBP and PR are denoted as large hatched
ovals and small hatched ovals, respectively. Lines represent Ap6™ and ART sequences that
flank the PR domain. The PR catalyzes the hydrolysis of its N terminus from a transiently
dimeric MBP-Ap6&P-PR-ART wia an intramolecular mechanism to release the intermediate PR-
ART (Step 1), Subsequent conversion of the PR-ART (bipod) to the mature PR occurs via an
intermolecular mechanism (Step 2). The two conformational isomers of the dimeric MBP-
Ap6ML-PR-ART are referred to as Tetrapods 1 and 2. Hatched ovals of the PR domain denote
the low catalytic activity of the PR precursor as compared to the bipod and mature PR.
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vivo, a blocking mutation at the p6™' | PR site in the Gag-Pol precursor
allows maturation of PR to occur at the native TFP | p6™ and PR | RT
sites to release a p6*°'=PR intermediate, which, however, is defective in Gag
processing and viral infectivity (Tessmer and Krausslich, 1998).

A similar mechanism for the processing of the PR at its N terminus has
been proposed in studies using a mini-precursor in which a mutated PR
(Ala28—Ser) was fused to 25 amino acids of the native p6™' sequence (Ap6™'-
PRA#S_s5: Co et al., 1994). The mutation Ala28—Ser in the mature PR
lowers the k../K, by about 250-fold relative to the wild-type mature PR
and thus permitted the isolation of the precursor upon its expression in
E. coli (Ido et al., 1991). This mini-precursor reportedly undergoes time-
dependent maturation but with no significant change in the catalytic activity,
contrary to our results using the model construct. The proposed mechanism
for the marturation of the HIV-1 PR at its N terminus is strikingly similar
to that observed for the conversion of pepsinogen to pepsin, a monomeric
mammalian aspartic acid protease (Louis et al., 1994).

2. Processing of the C-Terminal Strands Is Intermolecular

Unlike the C terminus of pepsinogen, which is not modified during the
activation process, the C terminus of the HIV-1 PR precursor is processed
to generate the mature PR. The kinetic order of the reaction involving the
bipod monomer (PR-ART, see Fig. 3; Wondrak et al., 1996) was determined
by following the initial rates of the reaction. A linear relationship between
the rate of conversion (disappearance of the bipod and the appearance of
the mature PR) and the square of the protein concentration (varied over
sevenfold) indicates that the reaction is bimolecular (intermolecular). Unlike
the MBP-Ap6r-PR-ART, which has very low catalytic activity, both the
kinetic parameters for the hydrolysis of the peptide substrate catalyzed by
the PR-ART and the inhibition constant determined with a pseudopeptide
inhibitor are indistinguishable from those determined for the mature enzyme.
In addition, the pH profile for k./K,. is similar to that of the mature PR.
Activity of the bipod or change in the intrinsic protein fluorescence, both
monitored as a function of enzyme dilution, indicated that the majority of
the bipod is in the dimeric form under the protein concentrations employed
in the kinetic studies.

Our results show that the model precursor exhibits very low catalytic
activity prior to the cleavage at the p6™' | PR junction, the N terminus of
PR. In contrast, several mutated PR fusion proteins that either contain a
mutation at the p6™ | PR junction or contain short native or nonnative
sequences flanking the N terminus of PR were shown to exhibit cata-
lytic activities comparable to that of the wild-type mature PR (Vogt, 1996;
Wondrak and Louis, 1996). This raised the question whether the MBP in
our model construct impeded PR folding/dimerization, catalytic activity,
and/or the observed kinetics of the maturation reaction. Therefore the auto-
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processing reaction was also analyzed using a PR precursor linked to the
native transframe region containing the native cleavage sites as described
in the next section.

B. Kinetics of Maturation of Native Precursors

I. Maturation of p6*°-PR Precursor

A native p6™-PR precursor (see Figs. 1 and 3) containing a native
cleavage site at the p6™' | PR junction was expressed and purified. To circum-
vent aggregation of the precursor associated with Cys thiol oxidation that
may lead to anomalous kinetic measurements of the autoprocessing reaction,
Cys residues 67 and 95 in the PR were replaced with Ala. These mutations
do not alter the kinetic parameters or the structural stability of the mature
mutant enzyme (Louis et al., 1999a). The renatured p6-PR undergoes a
time-dependent maturation reaction concomitant with a large increase in
enzymatic activity similar to that of the model precursor (Fig. 5). At =pH
5.0, the reaction proceeds in a single step to produce the mature enzyme,
whereas at pH <<5.0 it is characterized by the appearance and disappearance
of a single protein intermediate that migrates between p6™-PR and PR
bands (indicated by arrow in Figs. 5 and 6; see Louis et al., 1999a). This
intermediate (termed Ap6™-PR) is generated via cleavage at the Leu24 | -
GIn25 site within p6! (Fig. 3; Zybarth et al., 1994; Louis et al., 1999a).

The formation of these intermediate precursors under suboptimal condi-
tions for the autoprocessing reaction is similar to that observed for the
conversion of the zymogen form of the gastric protease pepsin, which, unlike
retroviral proteases, is a monomeric enzyme (Khan and James, 1998). The
zymogen pepsinogen differs from mature pepsin by a 44-amino-acid-long
positively charged N-terminal proregion. Below pH 2.0, pepsinogen is con-
verted in a single step through an intramolecular maturation process to
pepsin with a homogenous N terminus, whereas at pH 4.0 the activation
product 1s heterogeneous with multiple N-terminal products (al-Janabi et
al.,, 1972).

The maturation reaction of p6™-PR displays good first-order kinetics
similar to those of the model precursor between pH 4.0 and pH 6.5, as
indicated by a linear relation between the rate of increase in maturelike
catalytic activity and protein concentration (inset Fig. 5). Plots of the mea-
sured densities corresponding to the starting material and the product (ma-
ture PR) and the rate of increase in maturelike catalytic activity versus time
are shown superimposed on each other (Fig. 5). The first-order rate constants
for the marturation reaction of p6™-PR and MBP-Ap67-PR-APR are similar
(Louts et al., 1999a). The first-order rate constant displays a bell-shaped
dependency on pH with two ionizable groups having pK,s of 4.9 and 5.1
(Louis et al., 1999a). This pH profile is quite similar to that obtained for
the maturation of the mini-precursor Ap6r-PRA* 5 (Co et al., 1994).
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FIGURE 5
50 mM sodium acetate at 25°C. Aliquots of the reaction mixture were drawn at the desired
time and subjected to 10-20% SDS-PAGE and immunoblotting. The relative mobilities of
the full-length precursor and mature PR are indicated by arrows. Band intensities were quantified
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(A) Time course of the autocatalytic maturation of p&™-PR at pH 5.8 in

by densitometry. (B) Time course of the reaction measured by following the increase in enzymatic
activity ([J), appearance of PR (@), and disappearance of p6™-PR (O) at pH 4.8. Inset in B
is a plot of the dependence of the initial rate of the reaction measured by following the increase
in enzymatic activity upon varying the protein concentration. The first-order rate constant
measured by following the appearance of enzymatic activity for the maturation of p6™-PR
under the same conditions as described for the model precursor are similar (Louis et al.,
1994, 1999a).

The higher pK, of 5.1 observed for the maturation reaction is in agreement
with the pK, values of 4.8 and 5.2 obtained for the mature PR (Polgar et
al., 1994) and PR-APol (Wondrak et al., 1996), respectively, and for those
reported using other fusion proteins of the PR (Wondrak and Louis, 1996).
The lower pK, of 4.9 observed for the maturation reaction is about 1.8 pH
units higher than that observed for the wild-type mature PR (Polgar et

1994).
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FIGURE 6 Time course of the autocatalytic maturation of TFP-p6*-PR* at pH 5.0 in
50 mM sodium formate, 0.3 M urea (A), and at pH 6.5 in 25 m M sodium phosphate (C)
buffers. Aliquots of the reaction mixture were drawn at the desired time and subjected to
10-20% SDS—PAGE in Tris=Tricine buffer. Protein bands were visualized by Coommasie
brilliant G250 staining. The relative mobilities of the full-length precursor and product peaks
are indicated by arrows. (B) The time course of the autoprocessing of TFP-p6™ PR* monitored
by following the appearance in enzymatic activity at pH 4.0 (@) and pH 6.5 (O). The lag in
the reaction time course coincides to the accumulation of the transient intermediate p6™-PR*

(see A} that is subsequently converted to the mature PR
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2. Maturation of TFP-péF-PR* Precursor

To conduct structural studies of the PR precursor fused to the intact
transframe region (TFP-p6/'), a construct which spans the Gag-Pol sequence
starting from the NC | TFP junction and ending with the C-terminal amino
acid of the PR was expressed (see Figs. 1 and 3). The PR domain in this TFP-
p6r-PR* construct bears the following mutations, Gln7—Lys, Leu33-slle,
Leu63—lle, Cys67—Ala, and Cys95—A, designed to limit autoprotolysis
(degradation of PR) and to prevent Cys thiol oxidation. Importantly, these
five mutations do not alter the kinetics or the structural stability of the
mature PR* as compared to that of the wild-type mature PR (Rose et al.,
1993; Mildner et al., 1994; Mahalingam et al., 1999; Louis et al., 1999a,b).
However, the accumulation of a small fraction of the full-length precursor
(<5% of the total expressed protein) permitted its purification in just suffi-
cient amounts for kinetic analyses (Louis et al., 1999b).

The full-length precursor TFP-p6”-PR* has two known native PR cleav-
age sites, TFP | p6™ and p6™ | PR (Figs. 1 and 3). Since PR-catalyzed
hydrolysis of peptides with amino acid sequences corresponding to the two
cleavage sites, TFP | p6*' and p6™ | PR, have comparable kinetic parame-
ters (Phylip et al., 1992; Louis et al., 1998), we anticipated complex kinetics
and multiple products for the maturation of the PR from TFP-p6/-PR*. In
contrast, TFP-p6P'-PR* undergoes an ordered two-step maturation reaction
(Fig. 6A). At pH 5, the first step involves the cleavage of the peptide bond
at the TFP/p6™ site to produce the transient intermediate p6”'-PR, which
is subsequently converted to the mature PR*. A plot of the rate of appearance
of enzymatic activity versus time is characterized by a lag period followed
by a first-order process indicating that (1) TFP-p6™-PR* has the same
low catalytic activity as that of the intermediate precursor p6*-PR* and
(2) cleavage at the N terminus of the PR (p6™ | PR site) is concomitant
with the appearance of maturelike catalytic activity (Fig. 6B). Following the
reaction at pH 6.5 no lag period is observed due to preferential cleavage at
the p6™' | PR site which precedes that of the TFP | p6™' site releasing the
mature PR* (Figs. 6B and 6C).

C. TFP, a Hydrophlic Competitive Inhibitor
of the Mature PR

TFP, the N terminus of TFR, may have a regulatory role for the auto-
processing of the PR from the Gag-Pol precursor in vivo. TFP and its analogs
are competitive inhibitors of the mature PR (Fig. 7A; Louis et al., 1998).
The smallest and most potent of the analogs are tripeptides Glu-Asp-Leu
and Glu-Asp-Phe with K;s of ca. 50 and 20 wM, respectively. Other substitu-
tions or deletions in the tripeptide Glu-Asp-Leu lead to higher Ks. Substitu-
tion of the acidic amino acids in the TFP by neutral amino acids and p- or
retro-D configuration of Glu-Asp-Leu results in a >40-fold increase in K.
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FIGURE 7 The hydrophilic TFP is a specific competitive inhibitor of the mature HIV-1
PR. (A) Inhibition of the action of HIV-1 PR by TFP Phe-Leu-Arg-Glu-Asp-Leu-Ala-Phe and
its analogs. The K, was obtained from a plot of the apparent K,, vs [I] for peptides or from a
plot of 1/V ws [I] at saturating concentration of the substrate. Assays were performed in
50 mM sodium formate at pH 4.25 and 2.5 mM DTT. The final enzyme and substrate
concentrations were 150 nM and 390 uM, respecrively. All amino acids are of the 1-configura-
tion. (B) A plot of inhibition (K) by Glu-Asp-Leu for PR-catalyzed hydrolysis of substrate Lys-
Ala-Arg-Val-Nle-Phe(NO,)-Glu-Ala-Nle-NH, vs pH. The K;s were obtained from plots of
1/V versus [I] at a saturating concentration of the substrate (390 wM ). Reactions were carried
out in 50 mM sodium formate or 100 mM sodium acetate buffers containing 2.5 mM DTT
and 150 nM of PR at 25°C. The line is a calculated curve with a pK, of 3.8 and a K, of 20 uM.

Unlike other known inhibitors of the HIV-1 PR which are highly hydropho-
bic, Glu-Asp-Leu is extremely soluble in water and its binding affinity to
the active site of the PR is not enhanced by increasing NaCl concentration.
Inhibition of the PR by Glu-Asp-Leu is dependent on the protonated form
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of a group with a pK, of 3.8 (Fig. 7B). This result complements the observa-
tion of the stepwise maturation of TFP-p6™-PR* at different pH values.
Decreasing pH leads to a higher affinity of TFP to the active site of the PR,
promoting the processing at the TFP | p6? site prior to the p6™' | PR site.
It was not feasible to investigate the interaction of intact TFP with the PR
under conditions of crystal growth due to its hydrolysis, giving rise to two
products, Phe-Leu-Arg-Glu-Asp and Leu-Ala-Phe. But the interaction of the
tripeptide core of TFP, Glu-Asp-Leu, as studied by X-ray crystallography
is similar to those of other product-enzyme complexes (Louis et al., 1998;
Rose et al., 1996). Similarly, peptides derived from the proregion of pepsino-
gen and prorenin have been shown to act as competitive inhibitors of mature
pepsin and renin, respectively (Dunn et al., 1978; Richards et al., 1992).

D. Influence of Flanking Sequences on the Structural
Stability of Protease Precursors

Loss in enzymatic activity of the mature PR correlates to loss of stable
tertiary structure with increasing urea concentration (Wondrak et al., 1996;
Wondrak and Louis, 1996). The dimeric form of p6-PR, which is manda-
tory for the formation of an active site capable of supporting a hydrolytic
reaction, is highly sensitive to urea denaturation compared to the mature
enzyme, which suggests that p6™-PR is structurally less stable than the
mature PR (Louis et al.,, 1999a). This result is in agreement with earlier
studies showing that the PR domain, when fused to the 19 amino acids of the
flanking C-terminal RT sequence (PR-ART) or the short native or nonnative
sequences at its N terminus, is also less stable toward urea denaturation
(Wondrak et al., 1996; Wondrak and Louis, 1996). The above results are
also consistent with results showing that the mature PR is largely dimeric
above 10 nM (Wondrak et al., 1996), whereas inactive N-terminally ex-
tended forms of the PR linked to the TFR fail to dimerize in a qualitative
assay (Zybarth and Carter, 1993).

Dissociation of the dimeric form of the marure PR* (autoproteolysis
resistant) was also measured by following enzymatic activity as a function
of enzyme dilution. Mature PR* exhibits a K; <5 nM at pH 5.0, similar to
that observed for the mature wild-type PR under identical conditions (Louis
et al., 1999b). Since TFP-p6"'-PR* precursor undergoes cleavage at the
p6™' | PR site as the first step at pH 6.5 (Figs. 6B and 6C), unlike at more
acidic pH values, the simultaneous appearance of the maturelike enzymatic
activity and the mature PR* protein product was used to evaluate the ability
of TFP-p6™-PR* to undergo dimerization and autocatalytic maturation as
a function of precursor concentration. A plot of specific enzymatic activity
versus precursor concentration shows that the apparent K, for TFP-p6r-
PR* is ~680 nM (Louis et al., 1999b). The decreased stability to urea and
>130-fold increase in the apparent K, of TFP-p6*-PR* as compared to
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the mature PR* indicates that the structural stability of the PR domain is
significantly lower in the precursor.

E. 'H-'SN Correlation Spectra of Uniformly Labeled
Precursor and Mature Proteases

The fact that the maturation reaction of the TFP-p6™-PR* and p6™'-
PR precursors can be monitored by following the increase in enzymartic
activity is clear evidence that there is a large difference between the catalytic
activity of the mature PR and that of PR precursor. The low catalytic activity
seems to be intrinsic to the PR when linked to the native TFR with the
native cleavage sites. This low catalytic activity could be either due to a
conformational difference of the dimeric precursor that does not support
efficient catalysis or could be an apparent effect of the equilibrium that
largely favors the unfolded or partially folded form of the protein relative
to the folded enzymatically active dimer. To analyze the PR precursor by
NMR requires attaining sufficient quantity of the protein.

In other studies, inhibitor-resistant mutants of the PR fused to the intact
TFR were expressed with the aim of understanding the relationship between
PR maturation and drug resistance. One among several of these mutants
that were analyzed for expression shows elevated level of precursor accumu-
lation as compared to the construct TFP-p6™-PR*. We chose the R8Q
mutant precursor (termed TFP-p67-PR*?) as a good source for preparing
sufficient amounts of precursor. Although the mature PR*Q is more sensitive
toward urea denaturation than PR*, the dissociation constant (K;) and
kinetic parameters for mature PR*Qcatalyzed hydrolysis of the peptide
substrate and the inhibition constant for the hydrolytic reaction with inhibi-
tor are comparable to that of the wild-type PR and PR* (Mahalingham et
al., 1999; Louis et al., 1999b). TFP-p6*-PR*? undergoes maturation to
release the mature PR*2, similar in kinetics to that of the TFP-p6P-PR*
precursor. We therefore employed uniformly “N-labeled TFP-p6*!-PR*"
precursor in our subsequent studies of HIV-1 PR maturation.

It appears that for HIV-1 PR, and possibly other viral aspartic proteases,
activation is tightly coupled to folding. This is in contrast to most Zymogens
and their corresponding mature enzymes in which the catalytic machinery
is stably preformed and activation is achieved by a conformational change
after peptide bond cleavage which involves removing parts of the polypeptide
chain protruding into or obstructing access to the active site. The TFP-p6™-
PR precursor protein largely possesses all the hallmarks of an unfolded
polypeptide chain and the 'H-1N correlation spectrum of uniformly labeled
TFP-p6*-PR*Q precursor protein at pH 5.0 presented in Fig. 8A exhibits
the typical narrow shift dispersion observed for random-coil peptides or
proteins (Wishart et al., 1995). This is true for precursor protein in the
absence or presence of any tight binding inhibitors. Cleavage at the p6™/
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FIGURE 8 'H-"N correlation spectra of the precursor TFP-p6/-PR*% and mature PR*¢

proteases in complex with 10-fold excess of DMP323 i

n 50 mM sodium acetate buftfer, pH

5.2, at 25°C. (Inset) An aliquot of the sample was subjected to 20% SDS-PAGE and stained

with Coomassie brilliant blue G250. There were no de

preparations but for a minor mature PR product release

gradation products observed in both
d from TFP-p6*-PR*? that occurs at

the protein-folding step even in the presence of excess inhibitor DMP 323.

PR site is concomitant with the appearance of stable tertiary

structure and

enzymatic activity. Figure 8B shows the corresponding '"H-"*N correlation
spectrum of the mature PR*? PR complexed with the symmetric tight bind-
ing inhibitor DMP323 (Lam et al.,, 1994), demonstrating a stable three-
dimensional structure. A comparison of chemical shifts observed for this

mutant complex with previously reported d

lata (Yamazaki et al., 1994)

reveals that the structure of the PR*? is extremely similar to that determined
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for the wild-type mature enzyme. Viewed in the greater context of zymogen
activation, the HIV-1 PR may represent the most extreme case of activation
by conformational rearrangement, namely the transition from an unstruc-
tured, inactive precursor protein to a stably folded, active mature enzyme.

F. Plausible Mechanism of Regulation of the Protease
in the Viral Replication Cycle

The results of studies using different model and native precursor proteins
of the HIV-1 PR suggest that in HIV-1 and related retroviruses with similar
organization of the Gag-Pol precursor, the transframe region flanking the
N terminus of the PR may function as a negative regulator for protein
folding and dimerization. The low dimer stability of the PR precursor relative
to that of the mature enzyme is an ideal way of preventing enzymatic activity
from emerging until the assembly of the viral particle is complete. Depending
on the pH of the environment in which Gag-Pol maturation takes place,
removal of the transframe region can either occur in two sequential steps
or in a single step. Intramolecular cleavage at the p6™!/PR site to release a
free N terminus of PR is critical for the formation of a stable tertiary structure
of the PR and enzymatic activity (Louis et al., 1999b). Subsequent processing
of the other Gag-Pol cleavage sites will occur rapidly via intermolecular
processes. Contrary to the TFR, the RT domain flanking the C terminus of
PR does not seem to influence the catalytic activity of the PR (Wondrak et
al., 1996; Cherry et al., 1998). The Leu5/Trp6 cleavage within PR could
be viewed as a final step in the PR-associated cascade of events, resulting
in destabilization of the tertiary structure and promoting dissociation of the
dimer, thereby down-regulating the catalytic activity of the PR in the viral
life cycle (Rose et al., 1993; Louis et al., 1999hb).

IV. Substrate/lnhibitor Interactions

Important conserved features of PR-inhibitor interactions have been
identified by analysis of crystal structures (Gustchina et al., 1994; Gustchina
and Weber. 1991). This information is critical for the design of high-affinity
PR inhibitors. Most inhibitors resemble peptides with the scissile peptide
bond replaced by a nonhydrolyzable bond, such as the transition-state ana-
logs containing a hydroxyl group instead of the peptide carbonyl oxygen.
The PR interactions with peptidelike inhibitors are expected to resemble the
interactions with the natural substrates (Fig. 9). Residues 8, 23-32, 45-56,
76. and 80-84 from both subunits form the binding site. About seven
residues (P4 to P3') of peptidelike inhibitors are bound between the catalytic
aspartic acids and the two flexible flaps (Gustchina and Weber, 1991). The
inhibitor is bound in an extended conformation and forms two short
B-sheets with residues 25-29 and flap residues 48-50 from both subunits.
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FIGURE 9 Scheme of HIV PR-inhibitor interactions. (A) Hydrogen bond interactions
between PR residues and the CA|p2 substrate analog as deduced from the crystal structures
(Weber et al., 1997; Wu et al., 1998). Only the PR residues that form hydrogen bond interactions
with the peptide are shown. The substrate residues P3-P4’ are shown. Dashed lines indicate
hydrogen bonds. Residues in the second subunit of the PR dimer are indicated with a prime.
Asp 25 and Asp 25" are the caralytic aspartates; Asp 25 is protonated in this scheme. The PR
hydrogen bond interactions with the substrate main-chain amide and carbonyl oxygen atoms
are conserved in different PR—inhibitor crystal structures (Gustchina et al., 1994). The water
molecule shown interacting with the carbonyl oxygens of P2 and P1' is conserved and also
interacts with the amides of Ile 50 and Ile 50'. The PR interactions with substrate side chains
will depend on the particular substrate sequence. The CA|p2 peptide shows an interaction
between the carboxylates of P2’ Glu and Asp 30" of the PR. This interaction is expected to
involve a proton on either of the acidic groups. (B) Substrate side chains P4=P4’ shown in PR
subsites 54-54" are indicated by semicircles. This view is approximately perpendicular to the
plane of the hydrogen bonds shown in A. The approximate twofold symmetry axis relating
the two subunits of the PR dimer is shown.

Analysis of the interactions between HIV PR and peptidic inhibitors
showed two major components: (1) Conserved hydrogen bond interactions
between the peptidelike NH and C=0 groups of the inhibitor and PR
residues that are largely independent of the sequence (Fig. 9). The amide
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and carboxylate oxvgen of Asp29, the carbonyl oxygen of Gly27, and the
amide and carbonyl of Gly48 form conserved hydrogen bond interactions
with the amides and carbonyl oxygens of the substrate or inhibitor in both
subunits. Interactions between the Ile50 amide in both flaps and the carbonyl
oxygen of P2 and P1’ are mediated by a conserved water molecule. The
main-chain atoms of the pepridic inhibitors were predicted to make a larger
contribution than the side-chain groups to the total binding energy (Gust-
china et al., 1994). (2) Each amino acid side chain of the inhibitor (P4 to
P3' form a minimum recognition site) fits into successive subsites (54 to
§3') formed by PR residues (Fig. 9). This interaction depends on the nature
of the side-chain group at each position of the peptidic inhibitor and is
largely hydrophobic. However, polar groups may form specific hydrogen
bond or ionic interactions, as observed for P2’ Glu in the crystal structure
of HIV PR with the CA-p2 analog inhibitor (Weber et al., 1997). The major
determinants of PR specificity are located within the subsites, as deduced by
mutational and kinetic analysis of HIV-1 and Rous Sarcoma virus proteases
(Cameron et al., 1993; Grinde et al., 1992; Cameron et al., 1994). Residues
Gly48 and Val82 are critical for substrate selection in the S1 and S1" subsites,
while Asp30 and Val32 are important residues in the S2 and S2” subsites.

V. Enzyme Specificity

A. Catalytic Mechanism

The catalytic mechanism of HIV-1 PR (Hyland et al., 1991) is similar
to the “push—pull” mechanism of cellular aspartic proteases proposed by
Polgar (1987). The two catalytic Asp 235 residues are structurally adjacent
in the dimer with 2.5-3.0 A separating the closest carboxylate oxygen atoms
of each residue, suggesting that one Asp 25 is protonated. The two catalytic
aspartates mediate a pH-dependent proton transfer from the attacking water
molecule to the leaving nitrogen atom of the substrate. The reaction proceeds
through a tetrahedral intermediate and involves a physical step (likely the
closing down of the flaps on the substrate molecules) as well as chemical
steps (the proton transfer). Interestingly, the rate-limiting step is dependent
on the amino acid sequence of the substrate (Polgar et al., 1994). Unlike
the serine and cysteine proteinases, which form a covalent acyl-enzyme
intermediate with the substrate, aspartyl proteinases do not form a covalent
intermediate, and therefore they must rely on multiple anchoring of the
substrate to the enzyme on both sides of the scissile bond as shown in Fig.
9. Besides the need for correct catalysis, the extended binding site of retroviral
proteases may have an evolutionary advantage. These RNA viruses mutate
frequently due to the lack of an editing feature of the RT. Since the enzyme
recognizes about seven residues, changes in one or in a few binding subsites
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of the enzyme due to mutations may alter, but do not necessarily abolish
the enzyme activity or consequently the viral replication.

B. Viral Substrates

The major functional role of the HIV-1 PR is the processing of the viral
Gag and Gag-Pol polyproteins in the late phase of replication by catalyzing
the hydrolysis of specific peptide bonds in the cleavage sites indicated in
Fig. 1. The analysis of naturally occurring cleavage sites, which can be
considered as evolutionarily optimized sequences, suggests preferences for
certain amino acids at the site of cleavage and in its vicinity (Table I). At
P1 and P1' positions on either side of the cleaved bond hydrophobic amino
acids predominate, but Val and lIle are not observed. The occurrence of
amino acids at the P1’ position is similar to that found in P1, with the
exception that Pro frequently appears in the P1’ position. The P1’ Pro is
unique for retroviral PR substrates. No other endopeptidase, except pepsin,
is known to hydrolyze cleavage at the imino side of proline. The P2 and
P2’ positions are occupied either by hydrophobic or small polar residues,
while various types of residues are found at the outer positions. Two major
types of cleavage sites were proposed for HIV and related proteases, type
1 having-Tyr(Phe) | Pro- at P1-P1’ and type 2 having hydrophobic residues
(excluding Pro) at P1 and P1’ (Table I; Pettit et al., 1991; Tozsér et al.,

TABLE | Protease Cleavage Sites in HIV-1 Gag and Gag-Pol Polyproteins

Location {Jf. the

cleavage site’ P4 P3 P2 P1 P1 2t B3¢ Type!
In Gag
MAICA Ser Gln Asn Tyr Pro Ile Val 1
CAlp2 Ala Arg Val Leu Ala Glu Ala 2
p2|NC Ala Thr lle Met Met Gln Arg 2
NC/|pl Arg Gln Ala Asn Phe Leu Gly (2)
pllpé Pro Gln Asn Phe Leu Gln Ser (2)
in p6 Lys Glu Leu Tyr Pro Leu Thr 1
In Pol
TFP | p6™! Asp Leu Ala Phe Leu Gln Gly (2)
p6™ | PR Ser Phe Asn Phe Pro Gln [le 1
PR |RT Thr Leu Asn Phe Pro Ile Ser 1
p66lp5l Ala Glu Thr Phe Tyr Val Asp (2)
RTJIN Arg Lys lle Leu Phe Leu Asp (2)

" Notations are according to Schecter and Berger (1967).
" Classification of cleavage sites was originally done by Henderson et al. (1998) and later

modified (Pettit et al., 1991; Tézsér et al., 1992; Griffiths ez al., 1992). Oligopeptides corres-
ponding to these cleavage sites were correctly hydrolvzed by the mature PR (Darke er al.,
1988; Tozsér et al., 19915 our unpublished results).
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1992, Griffiths et al., 1992). These two types of cleavage sites were proposed
to have different preferences for the P2 and P2’ positions, and these prefer-
ences were later confirmed by enzyme kinetics using oligopeptide substrates.

Other viral proteins were later found to be substrates of the HIV-1 PR.
Besides its role in the late phase, it was suggested by experiments with equine
infectious anemia virus that the viral PR was required in the early phase of
viral replication for cleaving the nucleocapsid protein (Roberts et al., 1991).
Subsequently, the nucleocapsid of HIV-1 was confirmed to be a substrate
of HIV-1 PR (Wondrak et al., 1994). The accessory protein Nef was also
found to be a substrate (Freund er al., 1994). However, the significance of
any role of the PR in the early stage is not fully understood.

C. Subsite Preference/Substrate Specificity

The extended substrate binding site of HIV-1 consists of six or seven
subsites, based on analysis of the crystal structures of enzyme inhibitor
complexes (Fig. 9). The extended binding site was also revealed by studies
with oligopeptide substrates where a minimal substrate size of six to seven
residues was required for optimal catalysis (Darke et al., 1988; Moore et
al., 1989; Billich et al., 1988; Tozsér et al., 1991b). The substrate specificity
of the HIV-1 PR has been characterized by using either polyproteins or
oligopeptides as substrates (for reviews see Dunn et al., 1994; Tomasselli
and Heinrickson, 1994). The results are summerized here. The PR cannot
hydrolyze oligopeptides with -branched amino acids substituted in the P1
position (Phylip et al., 1990). Furthermore, introduction of Pro, Ser, and
Gly into P1 also prevented hydrolysis (Tézsér et al., 1992; Cameron et al.,
1993). Positively charged (Arg) and negatively charged (Glu) amino acids
at P1 or P1" positions are also not preferred in substrates (Konvalinka ez
al., 1990; Cameron et al., 1993). Studies with type 1 oligopeptide substrates
indicated a preference at P2 for small residues like Cys or Asn (which is
also one of the most frequent amino acid at this position in the polyprotein)
and preference for B-branched Val or Ile at P2 position for HIV-1 PR
(Margolin ef al., 1990, Tézsér et al., 1992). On the other hand, studies of
type 2 substrates showed that B-branched residues, especially Val, were
favorable at P2, while Glu was preferred at P2’ (Phylip et al., 1990; Griffiths
et al., 1992). Interestingly, Glu was found to be preferred at P2 in a peptide
series in which the P2-P1’ sequence of a type 1 cleavage site (-Asn-Tyr |
Pro-) was introduced into a type 2 substrate. Therefore, a general preference
for P2’ Glu by the HIV-1 PR was suggested (Griffiths ef al., 1992). However,
P2’ Glu was found to be unfavorable in another type 2 series based on a
palindromic sequence having two tyrosines at the site of cleavage (Tozsér
et al., 1997b). In good agreement with the naturally occurring cleavage site
sequences, various residues were acceptable by the S3 and S4' subsites of
HIV-1 (Konvalinka et al., 1990, Tozsér et al., 1992; Cameron et al., 1993),
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while smaller residues were preferred at P4 (Tozsér et al., 1991b). In sum-
mary, HIV PR shows a preference for large hydrophobic residues at P1 and
P1', smaller hydrophobic residues at P2, and accommodates a variety of
residues at P3 and P3’, while the P2’ preference depends on the peptide se-
quence.

The different preferences for P2 and P2’ residues as a function of the
residues present at P1 and P1’ suggested that the preference for the amino
acid at certain positions might strongly depend on the sequence context and
conformation of the peptide substrate. The sequence context dependence
of the HIV-1 PR was studied for the whole substrate by using doubly and
multiply substituted peptides (Ridky et al., 1996; Tozsér et al., 1997b). This
structural dependence of the substrate specificity arises from the extended
conformation of the bound substrate, as deduced from the crystal structures
of PR with peptidelike inhibitors (Fig. 9). The specificity depends on the
type of amino acid present in neighboring positions in the sequence (i.e.,
P2 and P1 or P1 and P1') as well as amino acid side chains that are adjacent
in the extended peptide structure (e.g., the side chain of P2 is next to the
side chain of P1', and P1 is next to P2’). The context dependence may
substantially contribute to the high specificity of the retroviral proteases,
although this is not apparent from the amino acid sequences of the naturally
occurring cleavage sites (Table I). Understanding the strong sequence context
dependence of the HIV PR substrates has important implications for both
the development of drug resistance and the design of new drugs. Mutation
of a PR residue in one subsite will directly influence inhibitor and substrate
binding at that subsite and can also indirectly influence the specificity of the
other subsites. Conversely, changing substrate residues (or inhibitors) at
positions other than those which directly interact with the mutated PR
subsite can complement the initial change and restore the efficient substrate
processing (or the high potency of the inhibitor).

D. Verification of Knowledge of Specificity

Our understanding of the PR specificity has been verified by engineering
Rous sarcoma virus (RSV) PR to recognize the substrates and inhibitors of
HIV-1 PR. The wild-type RSV PR and the almost-identical avian myeloblast-
osis virus (AMV) PR do not hydrolyze most peptides representing the
HIV-1 cleavage sites and exhibit low affinity for inhibitors of HIV-1 PR
(Ridky et al., 1996; Wu et al., 1998). The crystal structures of RSV and
HIV-1 proteases show differences in the substrate binding residues and in
the length of the flaps. Differences in substrate selection have been correlated
with the differences in 9-10 substrate-binding residues of the two proteases
(Cameron et al., 1993; Tozsér et al., 1996). The structurally equivalent
residues of HIV-1 PR were substituted into RSV PR. The individual muta-
tions increase the catalytic rate (Thr38—Ser and Ser107—Asn) or alter the
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substrate specificity (Ile42—Asp, Tle44—Val, Argl05—Pro, Gly106—Val)
relative to the wild-type RSV PR (Cameron et al., 1994). The RSV 59
PR designed with nine substitutions of HIV-1 PR residues, Thr38—Ser,
Ile42—Asp, [le4d—Val, Met73—Val, Ala100—Leu, Val104—Thr,
Argl05—Pro, Gly106—Val, and Ser107—Asn, was shown to hydrolyze
all tested substrates of HIV-1 PR and has high affinity for HIV PR inhibi-
tors (Ridky et al., 1996; Wu et al., 1998). The inhibition constants for the
CA-p2 analog inhibitor are very similar for RSV §9 and HIV-1 proteases
at 20 and 14 nM, respectively.

Crystal structures have been determined for both the RSV §9 and
HIV-1 proteases with the HIV-1 CA-p2 analog inhibitor (Wu et al., 1998).
The RSV S9 interactions with the inhibitor are very similar to those of
HIV-1 PR, with the exception of interactions of the flap residues Asn 61,
Gln63, and His65 with the distal P3 and P4’ positions of the inhibitor.
These interactions of the RSV PR flap residues partially substitute for those
of Lys45 and Met46 n the flaps of HIV PR (Fig. 9). This comparison
suggests that the interactions of P2-P3’ of the inhibitor with the PR are
most important for affinity since the inhibition constants are very similar
for RSV $9 and HIV-1 proteases despite the differences in the flap residues.
The engineered RSV 59 PR verifies our knowledge of the critical residues
for PR recognition of substrates and inhibitors. The key residues Asp30,
Val32, Pro81, and Val82 are mutated in drug-resistant HIV-1 PR, as pre-
dicted (Cameron et al., 1993).

E. pH-Dependent Processing of the
Gag CA-p2 Cleavage Site

The CA | p2 cleavage site in the HIV-1 Gag precursor is unique in having
a conserved Glu at the P2’ position (Table I; Barrie et al., 1996). Cleavage
of the CA|p2 site was shown to be an important regulatory step for the
sequential processing of the Gag precursor (Pettit et al., 1994). The CA | p2
cleavage is also negatively influenced by the p2 domain and is accelerated
at low pH. In order to understand the molecular basis for this critical
processing step, the crystal structure of HIV-1 PR with a reduced peptide
analog of the CA|p2 site was determined (Weber et al., 1997; Wu et al.,
1998). This structure showed a novel proton-mediated interaction between
the carboxylates of P2’ Glu and Asp30 of the PR (Fig. 9). The proton-
mediated interaction was also observed in the crystal structure of a mutant
RSV PR with specificity engineered to bind to the same substrate analog
(Wu et al., 1998) and for HIV-2 PR crystallized with a different inhibitor
containing P2’ Glu (Tong et al.. 1993). Similar interactions between P2’
Glu and Asp30 also occur in the crystal structures of the drug-resistant PR
mutants R8Q, K451, and LIOM (see below: Mahalingam et al., 1999); the
complex of TFP; the N terminus of the transframe region of Gag-Pol with
the HIV-1 PR (Louis et al., 1998); and the product complex with the SIV
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PR (Rose et al., 1996). The conservation of the P2" Glu at the CA | p2
site and its conserved interaction with Asp30 suggest that pH-dependent
processing through protonation of P2" Glu or Asp30 may be a crirtical
regulatory mechanism for PR-mediated protein processing and particle mat-
uration. Consistent with the above observations, the HIV-1 Vpr tethered to
the CA-p2 peptide gave nearly complete inhibition of viral replication, unlike
the chimera with other peptide substrates (Serio et al., 1997). Also substitut-
ing P2’ Glu with Gln of a related chromogenic substrate reduced the catalytic
efficiency by ~40-fold at pH 4.0 (Polgar et al., 1994). In accordance with this
result, the D30N mutation substantially decreased the replicative capacity of
the virus in vivo relative to the wild type (Martinez-Picado et al., 1999).

F. Nonviral Substrates

A number of nonviral proteins have been shown to be substrates of
HIV-1 PR (for review see Tomasselli and Heinrickson, 1994). One of the
first reported nonviral protein substrates of HIV-1 PR was LysPE40, a
recombinant derivative of the Pseundomonas exotoxin (Tomasselli et al.,
1990). However, this protein was hydrolyzed at two unexpected sites and
not at the predicted Tyr | Pro site of the flexible arm of the two domains
(Tomasselli et al., 1990). Later, several other nonviral protein substrates
of HIV-1 PR were identified, including calmodulin, G-actin, troponin C,
prointerleukin 1beta, and lactate dehydrogenase (Tomasselli and Heinrick-
son, 1994). The intermediate filament proteins vimentin, desmosin, and glial
fibrillary acidic protein were found to be cleaved in vitro by HIV-1 PR, and
microinjection of the enzyme into the cells resulted in the collapse of the
vimentin intermediate filament network (Shoeman et al., 1990). The micro-
tubule-associated proteins were also found to be substrates of HIV-1 PR
(Wallin et al., 1990). These results indicate that active HIV-1 PR cleavage
of cellular proteins may contribute to the pathogenesis associated with the
retroviral infection (Kaplan and Swanstrom, 1991). Studies of the nonviral
protein substrates provided new cleavage site sequences for databases of
HIV PR substrates (Chou et al., 1996). However, many of these sites were
not confirmed in vitro using peptide substrates. In contrast to the naturally
occurring sequences, it is difficult to accommodate the variety of nonviral
substrates within any sequence classification and many of these cleavage sites
contain charged amino acids, even at P1 or P1’ (Tomasselli and Heinrickson,
1994). A majority of the nonviral substrates have Glu at P2’ (Chou et al.,
1996), although only 1 of the 11 HIV-1 polyprotein cleavage sites has P2’
Glu (Table I). Therefore, the HIV-1 PR specificity for nonviral protein
substrates appears to differ from its specificity for the viral substrates.

VI. Drug Resistance

Drug resistance is a serious problem for treatment of AIDS infection.
Inhibitors of HIV PR are very potent antiviral agents, and several have been
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approved for treatment of AIDS. The development of antiviral PR inhibitors
is a major success of structure-based drug design (Wlodawer and Vondrasek,
1998). The combination therapy using PR inhibitors as well as inhibitors
of the reverse transcriptase has had a great impact in extending the lifetime
of AIDS patients (Palella et al., 1998). However, the rapid emergence of
drug-resistant HIV poses a severe problem for continuous use of PR inhibi-
tors (Korant and Rizzo, 1997). Moreover, multidrug resistance has been
observed recently in patients on a combination therapy of RT and PR
inhibitors (Shafer ef al., 1998). Drug-resistant viruses are selected rapidly
due to the high degree of genetic heterogeneity in HIV. The sequence diversity
arises due to the error-prone HIV RT (]i and Loeb, 1992) as well as the
high replicative capacity of the virus (Ho et al., 1995; Wei et al., 1993).
The RT lacks a 3'-5'-exonuclease proofreading function and has an error
rate of ~1 in 10% In a fully infected patient as many as 107 virus particles
are produced daily. Therefore, HIV mutates rapidly.

A. Location of Drug-Resistance Mutations

Resistance to PR inhibitors arises from the selection of mutations in the
PR gene (Schinazi et al., 1997). More than 40 mutations have been found
in the PR gene of drug-resistant HIV that alter 28 different PR residues (Fig.
2, Table II). Multiple mutations in the PR accumulate over time in response
to inhibitor therapy (Molla et al., 1996). In addition, compensating muta-
tions can occur in the PR cleavage sites (Doyon et al., 1996; Zhang et al.,
1997). Moreover, the PR gene has extensive natural polymorphisms even
in the absence of inhibitors, and these polymorphisms include many amino
acid substitutions that contribute to inhibitor resistance (Kozal et al., 1996).
Therefore, it is important to understand the molecular basis for drug resis-
tance and to continue the development of new PR inhibitors to overcome
the problem of drug resistance.

Mutations are less likely to occur in residues that are essential for the
catalytic mechanism, dimer formation, and binding of protein substrates
(Table II). About 70% of drug-resistant mutations (Schinazi et al., 1997)
and the majority of natural polymorphisms (Kozal et al., 1996) occur in
less conserved regions of the PR. The sites of these resistant mutations
mapped onto the PR structure are shown in Fig. 2. Many mutations alter
residues in the inhibitor binding site and probably act by directly altering
the PR affinity for the inhibitor. These include the mutations of V82 arising
from exposure to ritonavir or indinavir, Gly48—Val from saguinavir, and
Asp30—Asn from nelfinavir. Drug-resistant mutations of these residues were
originally predicted on the basis of substrate-specificity studies (Cameron
et al., 1993). Other mutations alter residues at the dimer interface, such as
Arg8, 1le50, and Leu97; these mutations may exert an effect on dimer
formation. Unexpectedly, the majority of resistant mutations alter residues
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that are not part of the inhibitor binding site or the dimer interface. This
category includes Leu90—Met and Asn88—Asp, which commonly arise
from exposure to saquinavir or nelfinavir, respectively. The molecular basis
for the resistance of these distally located mutations is not fully understood.

B. Mutants Exhibit Altered Kinetic Parameters

Resistant PR mutants must act by lowering the PR affinity for the drug
while maintaining sufficient catalytic activity for optimal processing of the
Gag and Gag-Pol polyproteins leading to the production of infective virions.
In order to understand the molecular mechanisms for development of drug
resistance, several groups have studied different inhibitor resistant mutants
of PR. Most studies have used mutants that were selected by the particular
drug of interest and assayed for inhibition and PR activity on a single
substrate (Gulnik et al., 1995; Tisdale et al., 1995; Molla et al., 1996). One
study has probed the substrate selectivity of mutants Arg8—Lys, Val32—lle,
Val82—Thr, Ile84—Val, Gly48—Val/Leu90—Met, and Val82—Thr/
Tle84—Val using a set of peptides based on the HIV-1 CA-p2 cleavage site
(Ridky et al., 1998). Recently, a broader range of mutants, Arg8—Gln,
Asp30—Asn, Lys45—lle, Met46—Leu, Gly48—Val, Val82—Ser, Asn88—
Asp, and Leu90—Met, were investigated for the hydrolysis of three critical
cleavage site peptides and their structural stability (Mahalingam et al., 1999).
These studies demonstrate that drug-resistant mutants show alterations in
several molecular and enzymatic properties that include lower affinity for
inhibitor, altered catalytic rate, substrate specificity, and structural stability.

[. Mutants Exhibit Lower Affinity for Inhibitor

Several studies have shown that when a mutant is selected against a
particular inhibitor, the affinity for that inhibitor is reduced (for example,
Gulnik et al., 1995; Tisdale et al., 1995; Molla et al., 1996). Cross-resistance
has also been observed among different inhibitors. The pattern of mutations
and the emergence of cross-resistance are complex and unpredictable (Boden
and Markowitz, 1998). A different pattern of mutations is selected by differ-
ent inhibitors. Exposure to indinavir or ritonavir selects for mutations of
Val82 initially, followed by mutations of a number of other residues. In
contrast, the single resistant mutations Gly48—Val or Leu90—Met arise
from exposure to saquinavir, while Asp30—Asn or Asn88—Asp are com-
monly selected by nelfinavir (Schinazi et al., 1997).

Many of the individual drug-resistant mutations in the inhibitor binding
site have been shown to be critical for substrate specificity. Gly48 and Val82
are important for recognition of the Pl and P1’ amino acid side chains and
Asp30 and Val32 are critical for recognition of the amino acids at P2 and
P2’ (Cameron et al., 1994; Lin et al., 1995). These mutations are expected
to directly alter the PR affinity for substrates and inhibitors. However, two
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other common resistant mutations, Leu920—Met and Asp88—Asp, are not
part of the substrate or inhibitor binding site, and they must exert an indirect
effect on the inhibitor. Crystal structures of PR-inhibitor complexes show
few differences from the wild type for the mutants that alter inhibitor binding
residues. Direct interactions, mostly changes in van der Waals interactions
between the PR and the inhibitor, appear to be responsible for the lowered
affinity for the inhibitor (Pazhanisamy et al., 1996; Ala et al., 1997). This
analysis again raises the question of how the mutations in regions distant
from the binding site cause resistance.

2. Mutants Exhibit Altered Catalytic Activity
and Substrate Specificity

Resistant mutants show defects in polyprotein processing and decreased
replicative capacity (Zennou et al., 1998; Martinez-Picado et al., 1999). The
defects in maturation arise from altered catalytic efficiency for substrate
hydrolysis. Many PR mutants show reduced catalytic activity on tested
substrates (Gulnik et al., 1995). However, increased catalytic activity on
viral substrates has been observed for some mutants (Ridky et al., 1998;
Mahalingam ef al., 1999). The catalytic activity of the PR mutants Arg8—
Gln, Asp30—Asn, Lys45—lle, Met46—Leu, Gly48—Val, Val82—Ser,
Asn88—Asp, and Leu90—Met was investigated using oligopeptides repre-
senting the cleavage sites CA-p2, p6™-PR, and PR-RT, which are critical
for viral maturation (Fig. 10; Mahalingam et al., 1999). These PR mutants
include the mutations commonly arising from four inhibitors in clinical
use, saquinavir (Gly48—Val and Leu90—Met), indinavir (Val82—Ser and
Met46—Leu), ritonavir (Val82—Ser), and nelfinavir (Asp30—Asn and
Asn88—Asp) (Boden and Markowitz, 1998). Mutant Arg8—Gln was one
of the first inhibitor resistant mutants to be reported (Ho et al.,, 1994).
Lys45—lle is found in combination with Leul0—Phe and Ile84—Val on
exposure to XM323 (Schinazi ef al., 1997). The mutants Val82—Ser,
Gly48—Val, Asn88— Asp, and Leu90— Met showed reduced catalytic activ-
ity compared to the wild-type PR (Fig. 10). Mutant Val82—Ser was the
least active, with 2-20% of wild-type PR activity. PR mutants Asn88— Asp,
Arg8—Gln, and Leu90—Met exhibited activities ranging from 20 to 40%
and Gly48—Val from 50 to 80% of the wild-type activity. In contrast, the
D30N mutant showed variable activity on different substrates ranging from
10 to 110% of wild-type activity. Mutants Lvs45—Ile and Met46—Leu,
usually selected in combination with other mutations, showed activities that
are similar to (60-110%) or greater than (110-530%) wild type, respec-
tively,

The substrate preference of PR mutants Arg8—Lys, Val32—lle,
Val82—Thr, lle84—Val, Gly48—Val/Leu90—Met, and Val82—Thr/
lle84—Val was studied using peptides with single amino acid substitutions
in the CA-p2 cleavage site (Ridky et al., 1998). These inhibitor-resistant
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FIGURE 10 Relative inhibition, catalytic efficiency, and structural stability of drug-resistant
PR mutants. The PR™ and its mutants R8Q, D30N, K451, G48V, V825, N88D, and L.90M
were studied (Mahalingam et al., 1999). The top plot shows the relative &../K,, values for
hydrolysis of the peptide substrates representing the CA-p2, p6™-PR, and PR-RT cleavage
sites. The middle plot shows the relative inhibition for the CA-p2 and p2-NC reduced substrate
analog inhibitors. The bottom plot shows the urea concentration at half maximal activity as
a measure of structural stability of the mutants relative to the wild type.

mutations were selected because they alter residues in specific subsites of
the PR dimer. Residues Val82 and G48 were predicted to be important for
the substrate residue binding in S1 and S1', and Val32 was predicted to be
critical for binding in S2 and 52" (Cameron et al., 1993). Residue 8 contri-
butes to subsites S1, S1’ S3, and S3’, and 184 forms part of S1 and S1'.
Surprisingly, these mutants were similar to the wild-type HIV-1 PR in their
substrate specificity. Only the Arg8—Lys and Val32—lle mutants had sig-
nificant differences from the wild-type PR. The V321 mutant had significantly
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enhanced activity on peptides with large hydrophobic residues at P1’, while a
smaller enhancement was observed for the Arg8—Lys mutant. This increased
preference for large hydrophobic P1' residues may explain the observed
drug-resistant mutation of P1" Leu to Phe in the Gag pl-p6 cleavage site
(Doyon et al., 1996; Zhang et al.,, 1997). These cleavage site mutations
showed improved Gag processing and viral replication in the presence of
the drug. Therefore, the altered catalytic rate and altered substrate specificity
of the mutant proteases can contribute to drug resistance by enhancing viral
replication in the presence of drugs.

C. Mutants Exhibit Altered Structural Stability

Since proper folding and dimer formation are essential for catalytic
activity, selected mutants were assaved for their activity as a function of
increasing urea concentration. The resistant mutants vary in their structural
stability as compared to that of the wild-type PR (Fig. 10; Mahalingam et
al., 1999). The mutants Asp30—Asn and Val82—Ser were similar to wild-
type PR in their stability toward urea denaturation, while Arg8—Giln,
Gly48—Val, and Leu90—Met showed 1.5- to 2.7-fold decreased stabil-
ity, and Asn88—Asp and Lys45—lle showed 1.6- to 1.7-fold increased
stability. Analysis of the crystal structures of Arg8—Gln, Lys45—Ile, and
Leu90—Met mutants complexed with a CA-p2 analog inhibitor showed
that the numbers of intersubunit hydrophobic contacts were in good agree-
ment with the relative structural stability of the mutant proteases. The crystal
structure of the Arg8—GIn mutant showed changes in the intersubunit
interactions as compared to the wild-type PR (Fig. 11). In the wild-type PR,
the positively charged side chain of Arg8 forms a strong ionic interaction
with the negatively charged side chain of Asp29’ from the other subunit in

A B

Wat
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%
Arg 8

FIGURE Il The intersubunit interactions of residue 8 in wild-type PR and R8Q mutant.
(A) The wild-type ionic interaction of Arg 8 with Asp 29 from the other subunit. (B) The

water-mediated hydrogen bond interaction of Gln 8 and Asp 29’ in the R8Q mutant.
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the dimer. The Arg8—GIn mutant formed a weaker water-mediated hydro-
gen bond interaction between the uncharged side chain of GIn8 and Asp29’,
which explained its decreased stability toward urea. Therefore, altered stabil-
ity of the mutant PR dimers can contribute to drug resistance, since dimer
formation is critical for catalytic activity. Both increases and decreases in
PR stability were observed relative to that of the wild-type PR. Mutants
with decreased stability will show more rapid dissociation of the inhibitor
as shown for Gly48—Val and Leu90—Met (Maschera et al., 1996), while
mutants with increased stability are likely to show greater cartalytic activity
even in the presence of inhibitor.

D. Drug Resistance Arise by Multiple Mechanisms

Resistance to PR inhibitors can arise by more than one mechanism.
Since no direct relationship was observed berween relative catalytic activity,
inhibition, and structural stability of the different PR mutants (Fig. 10;
Mahalingam et al., 1999), drug resistance can arise from independent
changes in any one of these parameters. Prolonged exposure to the drug
can result in compensating mutations that act in combination to permit
optimal polyprotein processing and replicative capacity in the presence of
the PR inhibitor. Selected mutations occurring in PR cleavage sites were
shown to also compensate for the reduced activity of the initial mutation
in the PR domain, thus giving a growth advantage over the primary PR
mutation (Doyon et al., 1996; Zhang et al., 1997). An initial mutation that
lowers the affinity for the inhibitor and also lowers the catalytic activity or
dimer stability can be combined with additional PR mutations that increase
the catalytic activity or dimer stability to confer improved viral replication
in the presence of inhibitor. Alternatively, the initial PR mutation can be
combined with a mutation in the cleavage sites that restores sufficient cata-
lytic activity for optimal virus maturation.
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